The effect of iron content on hot tearing of the high-strength Al-Mg-Si alloy was systematically investigated. The alloy with higher content of iron resulted in the severe occurrence of hot tearing during direct chill (DC) casting. Mechanical properties of this alloy in which iron content was changed were investigated during solidification using an electromagnetic induction heating tensile machine. Tensile strength and elongation were discussed in relation with solidification progress of which sequence of crystallization, crystallization temperature of formed phases and their crystallized amount were calculated by a thermodynamic calculation software Thermo-Calc. In order to confirm the calculation results of solidification path, a quenching test also was carried out. Furthermore, by comparing the fracture surfaces of the tensile testing sample and DC billet, the temperature range of crack initiation of the alloy was examined. Comparing the temperature range of crack initiation with the crystallization phase and its crystallization order, iron content influenced hot tearing significantly owing to the crystallization behavior of (AlFeMn) in high-strength Al-Mg-Si alloy.
Introduction
A major problem among aluminum alloy processing is hot tearing during casting because the crack is a serious factor which inhibits the productivity. Investigations on hot tearing have been reported in many previous studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and it is clear that the hot tearing is generated when stress prevents the contraction of the alloy at the temperature near the solidus. When the alloy has a wide solidification temperature range and a small amount of liquid, the hot tearing is easy to occur. Alloy composition is also important to the crack susceptibility. For example, Spittle and Cushway 13) measured the hot tearing susceptibilities of Al-Cu alloys (0-15%Cu), and found that the hot tearing susceptibility decreased with increasing copper content, because at higher copper composition, a high volume fraction of eutectic liquid existed and resulted in ensuring interdendritic feeding and healing of tears. Oya et al. 14) investigated hot tearing tendency of Al-(0-33%) Cu and Al-(0-13%) Si alloys, and they also found the hot tearing tendency was decreased as the Cu and Si content increased. Oya's group 15) also investigated the effect of third element addition on hot tearing of binary Al-4.5%Cu alloy, and they found that Ti, Mg and Si improved the resistance to hot tearing, but Sn, Zn, Fe, and Ni had poor resistance. These studies mentioned above were, however, based on binary alloys, and very few studies based on commercial aluminum alloys were reported.
In this study, the effect of iron content on hot tearing of the newly commercially developed high-strength Al-Mg-Si alloy was systematically investigated. Higher iron content caused hot tearing easily. In order to understand the hot tearing of this alloy, mechanical properties during solidification, the solidification behavior and their relationship were investigated. The intermetallic compound including iron, (AlFeMn) compound, was found to play a vitally important role to hot tearing.
Experimental Methods

Casting experiment
The material used for this study was a high strength AlMg-Si alloy (called as HS65) which contained different content of iron. Billets of the high strength Al-Mg-Si alloys with the diameter of 325 mm were cast by the typical DC caster under following conditions: Casting temperature; 993 K, Casting speed; 55 mm/min, Metal level; 15 mm and Water supply; 150 l/min. Chemical compositions of cast billet are given in Table 1 . In comparison with previously reported alloy (HS60), 11, 16) Magnesium, silicon and copper contents in this alloy were decreased from 1.12 to 0.83 mass%, from 1.23 to 1.0 mass% and from 0.79 to 0.40 mass%, respectively, to reduce the hot tearing. The samples for microstructure observation were taken from the billet after casting and the crystallized phases were investigated by X-ray diffraction method (XRD) and electron probe micro analysis (EPMA).
Thermodynamic calculation
Diffusion in solid for DC casting was so slow, in general, that the Gulliver-Scheil model which neglects diffusion in solid could be used for calculating solidification path, because the error was regarded as being little in a range of cooling rate of usual casting. 17) In this study, the commercial database software Thermo-Calc was used to calculate the solidification path under the non-equilibrium condition which was, however, supposed to be a local equilibrium at solid/liquid interface. The change of solidification path was simulated using the Gulliver-Scheil model owing to iron content from 0.1 to 0.3% (in mass%) based on the reference of B alloy as shown in Table 1 .
Interrupted solidification
In order to confirm the calculation results of solidification path, an interrupted solidification technique was applied. Several temperatures in the alloy freezing range were selected to establish the phase formation of which phase was determined by EPMA and XRD. A sample with 7 mm in diameter and 5 mm in length was set up in furnace and then first heated up to 973 K and then kept for 10 min. Next, it was cooled at a rate of 1 K/s to the test temperature before quenching. When temperature was reached to the prescribed one, the sample was kept for 30 s and then dropped into the water bath for quenching. The temperature control was carried out by the thermocouple installed at the molten zone of the sample and the cooling rate was over 150 K/s during quenching. Quenched samples were mechanically polished, etched for microstructure observation and then supplied to EPMA analysis.
Semi-solid tensile test
A remelting type of high temperature tensile test during solidification was carried out by using the high temperature tensile test equipment with induction heating. Schematic diagram of high temperature tensile testing machine is shown in Fig. 1 . At first, the specimen was heated up to temperature above its liquidus temperature and then kept for a certain period of time. Next, it was cooled down to the test temperature at cooling rate 1 K/s. By this means, a solidification structure was obtained. Finally, tensile load was applied at strain rate 10 À2 s À1 and the load-displacement relation was recorded. Test sample had diameter of 10 mm and length of 100 mm. All the experiments were done under an argon atmosphere in the pressure of 0.1 MPa. Another experimental procedure, temperature measurement and its accuracy, evaluation of mechanical properties and etc. were found in previous papers. 11, 12, 18, 19) The fracture surfaces after tensile testing and the broken billets were observed by the secondary electron microscope (SEM).
Experimental Results
According to the casting results as shown in Table 2 the billet was found to be prone to crack in the descending order of composition A, composition B, and composition C. The composition A alloy showed the highest crack susceptibility because the crack was still generated even if the casting speed had changed to slower. Figure 2 shows the relationship of tensile strength, elongation and temperature which was obtained by high temperature tensile test for A, B and C alloys. Zero Strength Temperature (ZST) is a minimum temperature above which shows no strength. ZST is 904, 898 and 896 K for A, B and C Alloys, respectively. Tensile strength of each alloy increases gradually from ZST with decreasing of temperature. Tensile strength, then, increases steeply from around 858 K for A alloy, 813 K for B alloy and 834 K for C alloy. The gradual increase rate of tensile strength with temperature from ZST to the temperature of steep increase is indeed small for each alloy, however, its value changes in proportion to iron content; A is highest, B medium and C lowest.
Zero Ductility Temperature (ZDT) is a minimum temperature above which shows no elongation. ZDT is 890, 886 and 891 K for A, B and C Alloys, respectively. As for the elongation each alloy shows a very small ductility from ZDT to 783 K so as the elongation is less 2%. Just lower than ZDT, at first, each alloy shows its small peak and then decreases with decreasing of temperature from its peak temperature and then increases sharply from about 783 K. The sharp increase temperature of elongation is lower than that of tensile strength.
ZST of each alloy is different from ZDT. They are 904 and 890 K for A alloy, 898 and 886 K for B alloy, 896 and 891 K for C alloy, respectively. Temperature difference between ZST and ZDT is 14, 12 and 5 K for A, B, and C alloys, respectively and alloy A is widest among the three alloys. Comparing with Table 2 it can be said that the crack susceptibility of this alloy corresponds to higher ZST, higher increase rate of tensile strength from ZST and wider temperature range between ZST and ZDT. The relation between mechanical properties and solidification progress will be discussed later. Figure 3 shows comparison of fracture surfaces between the broken billet and the tensile test at different temperatures of composition B alloy. The fracture surface of the broken billet as shown in a) has a rupture structure where intergranular fracture with remaining liquid around interdendritic regions was observed, namely the crack of this alloy occurs in the solid/liquid coexisting (mushy) state. The fracture surfaces of tensile testing at different temperature as shown in (b)-(f) show intergranular fracture with remaining liquid around interdendritic regions and there are many intermetallic compounds crystallized which are observed except the temperature of 885 K. As temperature decreases the fracture surface tends to flatten, the amount of intermetallic compounds around grains increases. Comparing to the high temperature tensile test, the fracture surface of broken billet is well resembled with one after tensile test at temperature 868 K (see (c)) in Fig. 3 , so it is considered that the crack of DC billet is generated around the temperature 868 K. The crack is easy to be generated around the temperature 868 K, because tensile strength and elongation of the alloy are very small around the temperature 868 K as show in Fig. 2 .
SEM micrograph is shown in Fig. 4 . The following intermetallic constitutes are observed: (AlFeMn), (AlFeSi), Mg 2 Si, Si, Al 5 Cu 2 Mg 8 Si 6 and Al 2 Cu. (AlFeMn) compound shows a needle shape morphology and (AlFeSi) compound shows a needle and also Chinese script shapes. Figure 5 shows the calculated crystallization temperature of phases of B alloy by the Gulliver-Scheil model. Nonequilibrium solidification completion temperature and liquidus temperature are 783 and 923 K, respectively. As shown in Fig. 5 , the phase formation sequence during solidification comparing the solidification sequence between HS65 (present study) and HS60 (previous study), a small reduction of the content of magnesium, silicon and copper, resulted in the crystallization of (AlFeSi) prior to Mg 2 Si. 16) In order to confirm the calculated results, several temperatures were selected for the quenching test (quenched temperatures as indicated in Fig. 6 ) and the quenched samples were analyzed by XRD and EPMA. Microstructures obtained and the results of phase identification are shown in Fig. 7 . At temperature of 913 K (solid fraction 0.50), the liquid remains in a large area and no any phase appeared except the primary FCC solid-solution aluminum phase (FCC Al) is observed. When the temperature decreases to 898 K (solid fraction 0.74), only the phase (AlFeMn) other than FCC Al is observed. Furthermore, when the temperature is down to 848 K (solid fraction 0.91), (AlFeSi) phase (usually called as Chinese-script) is observed. When the temperature is down to 838 K, (AlFeSi) and Mg 2 Si phases are observed. When the temperature decreases to 803 K (solid fraction 0.99), all phases are observed except Al 2 Cu phase which is formed in the final solidification stage as shown in Fig. 4(b) . In comparison with above quenching experimental observation results, with together Fig. 4(b) , and calculated results by the Thermo-Calc, it can be said that the results of this calculation using the Gulliver-Scheil model are appropriate, because the experimental results (Fig. 7 ) are good well with the calculation results (Fig. 5.) 4. Discussion 4.1 Relation between mechanical properties and solid fraction The relation between solid fraction and temperature of the three alloys was calculated for understanding and comparing the solidification progress of each alloy and is shown in Fig. 6 Interrupted solidification temperatures shown on the graph of relation between phase fraction and temperature. Fig. 8 . As the iron content increases, the liquids temperature decreases a little, around 20 K decrease per 1 mass% iron in this composition range, but the non-solidification completion temperature is same for the three alloys, that is, 783 K for eutectic crystallization completion of Al 2 Cu. ZST of A, B and C alloys, as previous mentioned, was 904, 898 and 896 K, respectively and the corresponding mass solid fraction is found to be 0.63, 0.74 and 0.79, respectively. The Zero Strength Solid Fraction (ZSSF) above which shows no strength is a clear parameter of the crack susceptibility of this alloy, which is same the order of ZSSF (See Table 2 ); an alloy with smaller solid fraction corresponding to ZST becomes sensible to hot tearing. Note that ZSSF of each alloy was considerably different though the iron content was not so different. By changing iron content from 0.25 only to 0.18 or 0.15 mass%, ZSSF changed from 0.63 to 0.74 or 0.79, respectively and seemed to change much; especially the big difference more than 0.1 of solid fraction happened between A and B alloys. Therefore it can be said the crack susceptibility is easily understood by comparing the ZSSF of each alloy. In our previous study, 12) we found that the crack susceptibility among 6063, 6061, HS60, 7025 and 7075 became higher as the ZSSF of each alloy was lower. Figure 9 shows the relation between tensile strength and solid fraction of each alloy in which tensile strength is very small when the solid fraction is below around 0.9. It can be seen that the tensile strength of each alloy increases with the solid fraction increase and the tensile strength steeply increases when the solid fraction is over 0.90-0.95; 0.89 (858 K) for A, 0.97 (813 K) for B and 0.95 (834 K) for C. This solid fraction of steep increase in strength seemed to be scattered, however, 0.90-0.95 if excluded with 0.97 for B alloy. This solid fraction seemed to correspond to the ''coalesce'' solid fraction at which solid bridging started to form extensively between neighboring dendrites. 20) The corresponding solid fraction of ZDT, that is, ZDSF (Zero Ductility Solid Fraction), was evaluated as 0.78, 0.82 and 0.82 in accordance with 890, 886 and 891 K for A, B and C alloys, respectively. Solid fraction of steep increase in elongation (783 K) was unity for all experimental alloys. ZDSF of this alloy was smaller than that of carbon steels, which was almost unity 18) and corresponded with the solid fraction of steep increase in elongation of this aluminum alloy.
Temperature range or solid fraction range between ZST and ZDT was an important factor for hot tearing because the alloy showed strength but no ductility. Solid fraction range between ZSSF and ZDSF was 0.15, 0.08 and 0.03 for A, B and C alloys, respectively. The A alloy with highest crack susceptibility had a wider solid fraction range between ZSSF and ZDSF. Crack susceptibility was in proportion to the solid fraction range. On the other hand, from the comparison of the observation result of fracture surfaces, the temperature at which crack initiation in DC billet, it was fairly qualitative, was around 868 K, and the corresponding solid fraction calculated by Thermo-Calc. was 0.85 for the B alloy. Solidification progress from ZSSF or ZST to solid fraction or temperature of sharp increase in elongation was another measure, at least quantitatively, for hot tearing instead of the difference of solid fraction between ZSSF and ZDSF or the temperature difference between ZST and ZDT.
(AlFeMn) crystallization and crack susceptibility
of Al-Mg-Si alloy In order to investigate the effect of iron content on the crack susceptibility of the alloy, the change of crystallization temperature or solid fraction and crystallized amount of (AlFeMn) was calculated with the different content of iron. Fig. 10 shows the effect of iron content on crystallization of (AlFeMn); temperature or solid fraction of crystallization start and its amount. The crystallization temperature of (AlFeMn) increases with increasing iron content, but its corresponding solid fraction decreases. As for crystallized amount of (AlFeMn), it increases with increasing iron content. It is interesting to note that ZST or ZSSF is determined just or a little after (AlFeMn) crystallized, by comparing Fig. 10 with Fig. 9 .
(AlFeMn) intermetallic compound, mainly due to the needle shape, could bridge a gap between primarily solidified dendrites, in particular, where the dendrite network for higher iron content alloy was not perfectly formed since the solid fraction was still low (around 0.63) when iron content increased over 0.25%. It resulted in higher ZST with a higher iron content alloy since (AlFeMn) crystallized with higher temperature in a higher iron alloy. That is, it was regarded that the grain boundary became fragile when the intermetallic compound of (AlFeMn) was crystallized in needle shape into grain boundary and the crack was easily generated in the casting. The details, especially on the bridging between dendrites through (AlFeMn) compound and its relation to mechanical properties will be discussed in the next paper.
Conclusions
To investigate hot tearing during DC billet, a tensile test in the mushy zone of the high strength Al-Mg-Si alloy was carried out. Solidification path was also calculated to relate between solidification sequence and mechanical properties in the mushy zone by using a thermodynamic calculation software Thermo-Calc. By comparing with temperature range of crack initiation, crystallization phase and crystallization order, the effect of the iron content on the crack susceptibility of the high strength Al-Mg-Si alloy was clarified. The main results obtained are shown below.
(1) Higher content of iron of high strength Al-Mg-Si alloy occurred hot tearing during casting. Crack susceptibility of DC billet was in proportion to iron content. higher ZST, higher increase rate of tensile strength from ZST and wider temperature range between ZST and ZDT. The crack susceptibility was most sensibly expressed as the zero strength solid fraction (ZSSF) above which no strength appeared. (6) The casting crack of the high-strength Al-Mg-Si alloy was strongly influenced by the crystallization of (AlFeMn) phase, which crystallized at higher temperature with increase in the iron content. Needle shaped (AlFeMn) could bridge a gap between primarily solidified dendrites. It resulted in higher ZST with a higher iron content alloy. That is, it was regarded that the grain boundary became fragile when the intermetallic compound of (AlFeMn) was crystallized in needle shape into grain boundary and the crack was easy to be generated in the casting. Fig. 10 Change of crystallization temperature of (AlFeMn), its crystallized mass percentage and fraction solid of its starting crystallization as a function of iron content.
